Optical triangulation displacement sensors are widely used in many applications due to the advantages of noncontact measurement, simple structure, good resolution, and long operating range. However, they commonly have several errors, such as speckle effects and electronic noises, etc. Among them, reducing electronic noises is very tedious and hard. To reduce the effect of electronic noises, conventional systems use sequential averaging techniques. Since electronic noises are random in nature, their variances can be reduced with an averaging operation. However, the averaging is inherently a time-consuming process which requires many measurements. To reduce the time for averaging and the number of measurements, several sensor modules or faster signal processing hardware are required. Therefore, these alternatives are not cost effective and increase the size of the measurement system. In this article, we propose a simple and cost-effective system structure for optical triangulation displacement sensors, which reduces time for averaging and the number of measurements by using a transmission-type diffraction grating. The diffraction grating helps us to obtain several signals simultaneously. Therefore, it is achievable to reduce time for averaging and the number of measurements. The feasibility of the proposed system was verified through experiments. When only two diffracted orders are used for obtaining signals, the rms of noise is reduced by 1/&.
I. INTRODUCTION
Optical triangulation displacement sensors ͑OTDS͒ have been widely used for displacement measurements because of their advantages of noncontact measurement, simple structure, long operating range, high resolution, and cost effectiveness. [1] [2] [3] The measurement principle of OTDS is shown in Fig. 1 . The light from a light source is reflected on the object surface, and then the spot that has a light intensity distribution ͑LID͒ is made on the spot position detector by the imaging lens. As the object surface moves, its displacement is measured by detecting the peak position movement of the LID on the spot position detector.
However, OTDS have many errors such as optical power fluctuations of the light source, speckle effects, lens aberrations, and the electronic noises of the spot position detector. [4] [5] [6] Optical power fluctuations of the light source can be compensated by monitoring the light source. Speckle effects can be decreased by using an incoherent light source because the speckle is the result of interferences. And lens aberrations are systematic problems, which are controllable through using aberration corrected optics. However, the electronic noises of the spot position detector are unavoidable problems and many tedious efforts are needed to reduce them. Generally, to reduce them the object displacement is not determined from a single measurement but obtained by averaging results from several measurements, 7, 8 because they are random noises and their variances are reduced by the averaging operation. However, the averaging operation consumes much time for measurements and calculations. To reduce the time for the averaging, several sensor modules or better signal processing hardware are required. Therefore, this method increases the size of the measurement system and is not cost effective.
In this article, we propose a new averaging method using a diffraction grating, which generates several diffracted LIDs on the spot position detector simultaneously. With this method, several results of the object displacement can be obtained by the OTDS during one sampling period. The result of this averaging method reduces the level of random noise. Thus the proposed method reduces the number of measurements and the averaging time without any increase in system size.
Introductions to the diffraction grating and to the proposed averaging method are given in Sec. II. In Sec. III we present results of experiments performed to verify the validity of the proposed method using an experimental setup. Finally, we conclude this article in Sec. IV.
II. AVERAGING METHOD USING DIFFRACTION GRATING

A. Diffraction grating
When a light wave propagates through periodic obstacles of the size of its wavelength, it disperses in discrete directions. This component is called a diffraction grating. 9 The relationship between the incident angle i and the diffraction angle m of the mth order diffracted ray can be expressed as the grating equation 
͑1͒
where d is the pitch of the grating, and is the wavelength of the incident ray. Conventional applications of diffraction gratings disperse light like prisms. If an incident ray is white light, the diffraction grating divides it into rainbow-colored spectrum patterns, because the white light is polychromatic and the diffraction angle m is dependent on the wavelength, i.e., the diffraction angles of two different wavelengths are different. If an incident ray is monochromatic that means a single wavelength, there are not any other diffracted rays except the ray of incident wavelength and its several diffracted orders. So the diffraction grating just separates an incident ray into several diffracted rays as shown in Fig. 2 in that case of monochromatic incident ray. We use the light source that has a small bandwidth to eliminate the superposition of polychromatic diffracted rays. Therefore the diffraction grating has the same role of beam splitters and generated several LIDs on the spot position detector. The shapes of the light intensity distribution are the same shape with that of the 0 order.
The Fraunhofer diffraction pattern by the transmission grating is the superposition of all diffracted orders. If there are many periods of the grating within the bounding aperture, there is negligible overlap of the various diffracted terms. 10 The pitch of the grating selected is 110 grooves/mm, the size of the grating is 12.7 mmϫ12.7 mm square, the beam diameter on the grating is 1-2 mm. Therefore, the assumption that each diffracted order is independent and uncorrelated is reasonable. Also, the experimental results of Sec. III support it.
B. Averaging method using diffraction grating
In the proposed structure, the transmission-type diffraction grating is located between the imaging lens and the spot position detector in conventional OTDS as shown in Fig.  3͑a͒ . As shown in Fig. 3͑b͒ , the diffraction grating separates an incident ray into several diffracted rays, i.e., several LIDs on the spot position detector are generated by the diffraction grating. We can attain several LIDs corresponding to each diffracted ray such as the 0, Ϫ1, and ϩ1 orders of diffracted rays.
The measurement procedure during one sampling period is as follows: the diffraction grating produces several LIDs which are obtained from the spot position detector, the signal processing module of OTDS extracts the LIDs according to the diffraction order. OTDS measure the object displacements by detecting the peak position movements of the extracted LIDs. Then, all displacement results are averaged according to their diffraction orders. Finally, the averaged measurement output is obtained.
With this method, it is possible to obtain several measurements of displacements simultaneously and to average them to get a final result. Therefore, it reduces both the number of measurements and the averaging time and thus decreases the error with the help of averaging effects, i.e., the output of the OTDS with this method during even one sam- pling period is a result from one averaging operation. As well, the method does not require additional sensor modules which increase the size of the system, because only the diffraction grating is needed between the imaging lens and the spot position detector in convention OTDS.
III. EXPERIMENTS
The experimental setup is constructed with a diffraction grating, as shown in Fig. 4 . A diffraction grating is located between the imaging lens and the spot position detector. The spot position detector is an array type, and the diffraction grating is a transmission type. With the exception of the diffraction grating, the entire device operates as a general OTDS.
In the experimental setup, only the 0 order and Ϫ1 order of LID are used for displacement measurements, because the ϩ1 order of LID is distorted for a large magnification factor of the optical structure and limits of operating range. The extracted one of two diffracted LIDs with change of object displacements is shown in Fig. 5 . When the object surface moves, the LIDs are also shifted on the spot position detector. The spot position detector detects the magnitude of the peak position movement of the LIDs and the signalprocessing module converts them into object displacements. The relation between the peak position of LIDs and the object displacements is shown in Fig. 6 . If the experimental setup does not have the diffraction grating, the result of only 0 order will be observed. The sensitivity of the 0 and Ϫ1 order are 5.5 m/pixel and 6.5 m/pixel, respectively.
The sensitivity of this system is the ratio of the object displacement ͑m͒ to the peak position movement ͑pixel͒ because this system uses a charge coupled device ͑CCD͒ as the spot position detector. The signal of the CCD is surely an analog voltage signal. However, the proposed system detects the peak position of the LID, thus the important information is not a voltage signal of each pixel but the location of peak position pixel. The signal-to-noise ratio ͑SNR͒ of the CCD which is the ratio of the output voltage to noise in one pixel, is more than 37 experimentally
where s is the variance of the signal and n is the variance of the noise. However, it is not important because the proposed system uses CCD to detect the peak position. Therefore the sensitivity of this proposed system should be defined as the ratio of the object displacement to the peak position movement.
The resolution of measurement systems is generally expressed as where d is the object displacement, S is the difference in voltage outputs of the detector, and N FWHM and N rms are the full width at half maximum and the rms noise level, respectively. The factor 2.35 comes from the relationship between the FWHM and the rms of the Gaussian distribution ͑noise͒. 11 That is, the resolution of the measurement system is related to noise levels and the sensitivity. If the rms of the noise is reduced, the resolution of the system will be better. Therefore we measure the rms of the noise to verify the reduction in noise with this averaging method.
To measure the rms of the noise, we measure the object displacement at a fixed position. Although the object surface is fixed, the output of the spot position detector shows some perturbations from electric noise. This result indicates the noise level of the experimental setup. Figure 7͑a͒ shows the noise whose rms is 0.0115 in the case of the experimental setup without the grating, Fig. 7͑b͒ shows the result which is obtained from the only extracted 0 order LID in the case of the experimental setup with the grating, and Fig. 7͑c͒ shows the result which is obtained from the only extracted Ϫ1 order LID in the case of the experimental setup with the grating. Figure 7͑d͒ shows the result when the signal processing modules of OTDS calculate the average values of the 0 order and Ϫ1 order results in the case of the experimental setup with the grating. The rms of noise is 0.0087 and it indicates the noise level is decreased when this method is applied as shown in Fig. 7 . The ratio of 0.0115 to 0.0087 is approximately &. That is a reasonable result because the electric noises are random in nature. In a random process, the variance is inversely proportional to the square root of the number of records. 
IV. DISCUSSION
A new averaging method using a diffraction grating, which decreases random errors of OTDS, is proposed. This method is very simple and cost effective. Because this method only requires inserting a diffraction grating in conventional OTDS, it has many advantages over the conventional averaging technique. The diffraction grating generates several LIDs on the spot position detector simultaneously, and this decreases the number of measurements and the averaging time. Moreover, diffraction gratings are cheap and easy to get because they are widely used optical components. Finally, they do not require any additional signal processing hardware, sensor modules, and increase in system size.
The detailed procedure of the proposed method consists of the following steps:
͑1͒ insert a diffraction grating between the imaging lens and the spot position detector of OTDS; ͑2͒ obtain the several LIDs which the diffraction grating generates on the spot position detector; ͑3͒ extract LIDs corresponding to the diffraction order; ͑4͒ convert the peak position movement of extracted LIDs into object displacements; and ͑5͒ average the converted object displacements. Therefore, the displacement output of this system is the result of several averaging operations. The experimental setup with this method obtains two LIDs simultaneously by inserting the diffraction grating between the imaging lens and the spot position detector. We acquire two displacement outputs during one sampling period, and their average value is the result of one averaging operation with this experimental setup. With this method, the number of measurements and the averaging time are decreased by half, and the rms of random noises is also reduced by 1/& because we used only two orders that are 0 and Ϫ1. The validity of the proposed method was proven through experiments. If we make more effective diffraction grating and use more diffracted orders for the averaging, it is possible to achieve higher performance.
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